Objectives: Minimal extracorporeal circulation techniques and systems (MiECC) may reduce the negative side effects of conventional extracorporeal circulation (ECC). However, it is still unclear as to what this is caused by, the reduced priming volume and hemodilution, or the avoidance of blood-air contact and dispersion of mediastinal debris into the systemic circulation. The aim of the trial was the comparison of MiECC to an open ECC setup (openECC) or a system with reduced blood air and debris interaction (closeECC).
INTRODUCTION
Since the invention in the 1950s, conventional cardiopulmonary bypass (CPB) has become essential in cardiac surgery [Gibbon 1994 ]. While the advantages of extracorporeal circulation (ECC) are obvious, such as a blood-free operative field, adverse effects such as activation of inflammation and coagulation pathways are also described [Borst 1999; Royston 1997 ]. In disastrous cases, these activations can trigger a systemic inflammatory response syndrome (SIRS) which can lead to an end-organ failure [Levy 2003; Laffey 2002; Royston 1997 ]. These cascades of systemic inflammation are caused by the secretion of a large number of mediators and the activation of certain natural defense mechanisms [Chai 2000 ].
Optimal perfusion techniques during coronary artery bypass surgery (CABG) remains a discussed field. Cardiopulmonary bypass (CPB), beating heart surgery (OPCAB) and minimal invasive extracorporeal circulation systems (MiECC) are the methods of choice. While the advantages of OPCABsurgery compared to CPB-CABG are not convincing, the advantages of MiECC are described, especially a reduced inflammatory response [Vohra 2009; Khan 2004 ]. Remadi et al investigated 400 patients, and observed significantly higher C-reactive protein (CrP) levels in the CPB-group compared to those treated with MiECC [Remadi 2006 ]. Through the less invasive characteristics of the MiECC system, such as the reduction of priming volume by the use of shorter lengths of tubes that are also heparin-coated, a reduction of systemic heparinization is possible. Priming volume and modified anticoagulation regime were responsible for the lower transfusion rates and higher postoperative hemocrit levels (hct) in MiECC patients [Anastasiadis 2016 ].
Due to the avoidance of blood-air contact through the elimination of the venous reservoir, the systemic inflammatory response should be reduced compared to CPB. In the MiECC system, a centrifugal pump is used, and tube lengths are shortened so that less priming volume is used. Most often, neither cardiotomy suction (CS) nor venous reservoir is used. The blood has to be retransfused directly into the venous line. As an "intermediate" solution, the CS can be eliminated without complete absence of a venous reservoir.
E180
There are several reports about the adverse effects of CS [Svitek 2010 ]. Its use is described to cause an amplification of the systemic inflammatory response and a resulting coagulopathy, as well as an exacerbation of the microembolic load and hemolysis. This can lead to a tendency towards increased blood loss, transfusion requirements, and organ dysfunction. El-Sabbagh et al examined fresh human blood in vitro and report that the inflammatory response and associated hemolysis during CPB may be related to air exposure, which could be reduced by minimizing the exposure of air to blood during CS [El-Sabbagh 2013]. Nakahira et al report that CS, but not open venous reservoirs, cause perioperative activation of coagulofibrinolysis, although they showed no influence on inflammatory response in their studies [Nakahira 2011 ]. Many modifications compared to maximal-or standard-CBP systems were not directly obvious in all published manuscripts about MiECC outcomes. In addition to the circuit's adaptations, the concomitant procedures (e.g. cardioplegia, anesthesia) were modified, and the beneficial aspects of MiECC may also be influenced by collateral techniques [Anastasiadis 2016 ].
The aim of the prospective, three-armed CABG trial design was the comparison of a closed MiECC system to a closed standard ECC (CloseECC) without CS, to an open standard system (OpenECC), to determine the blood-air interaction and MiECC effects on a series of surrogate laboratory markers (renal, inflammatory, myocardial, and coagulation parameters) by comparable concomitant procedures.
METHODS

Patient Selection
72 patients (age 73 ± 5.3 years; 81% male) were included in a prospective, randomized, three-armed, single center recruitment design. Patient demographic data and medical histories are summarized in Table 1 . Inclusion criteria were planned CABG-procedures with extracorporeal circulation support and age >64 years. Excluded were CABG-procedures in combination with operations on the carotid arteries, aorta, or valves. Patients who underwent a re-operation, had an acute myocardial infarction (ST-elevation myocardial infarction or Non ST-elevation myocardial infarction <7 days ago), had elevated serum creatinine levels (>1.8 mg/dL), had elevated liver enzymes (AST, ALT >2x above norm), or had decreased hemoglobin (Hb <11 mg/dL) were also excluded. Patients were divided into three subgroups with different extracorporeal circulation settings ( Figure 1 ).
Blood samples were investigated before the start of ECC (T1), 60 minutes after ECC start (T2), four to six hours postoperative (T3), 24h postoperative (T4), and 48h postoperative (T5). Clinical outcome parameters were documented at discharge (T6) and at the 30-day follow up (T7). The study laboratories have been recognized according to DIN EN ISO 15189; DIN EN ISO 9001:2008 (accredited medical laboratories). Clinical parameters orient themselves according to the evaluations of the German Federal Multi-sector Quality Assurance (SQG, Aqua Institute Göttingen, Germany), and were extracted from existing postoperative databases.
Anesthetic Management
Anesthetic, operative, CPB, and coagulation management were standardized. No changes in surgical, anesthetic, or perfusion techniques were made for the purpose of the study. On the day before the surgery, the patients were treated with 20 mg di-kaliumclorazepat (Tranxilium, Sanofi-Aventis GmbH, Hoechst, Germany) for premedication. General anesthesia was induced with 0.3 to 1 μg/kg sufentanil (Sufenta, Janssen-Cilag GmbH, Neuss, Germany), 1 to 2.5 mg/kg propofol (Disoprivan, AstraZeneca GmbH, Wedel, Germany), and 0.6 mg/kg rocuronium (Esmeron, Essex GmbH, Munich, Germany). The maintenance of general anesthesia was achieved using 1 to 2 Vol% sevoflurane (Sevoran, Abbott, Wiesbaden, Germany) and intermittent bole of sufentanil until the transfer to an intensive care unit. All patients were orally intubated and mechanically ventilated. Packed red blood cell concentrates were transfused to maintain a hematocrit greater than 18% during, and 25% after, CPB.
Extracorporeal Circulation Settings
The conventional ECC bypass system drains venous deoxygenated blood, usually from a two stage cannula. The blood passes through a membrane oxygenator to become oxygenated, and blood is returned to the body usually via the aorta or subclavian artery through a roller pump. A heat exchanger controls the temperature of the blood infused back into the body. Because the drained blood from the venous cannula, CS, or vents is applied into a central venous reservoir where it can freely mix with air, CPB is an "open system". Usually, the main difference in the MiECC-system compared to CPB is that in MiECC, the venous reservoir is eliminated. This generates a "fully closed" system with no blood-air contact. The disadvantage of this system is that blood from the operating field cannot be directly re-transfused via the system; there is no CS providing a fast blood transfer. Therefore, procedures with significant hemorrhage or open-heart procedures requiring the venting of blood are difficult to perform with MiECC.
In the MiECC system, centrifugal pumps are usually used. Through the pumps, a more physiologic circulation situation with less shear stress compared to roller pumps should be possible [Nakahira 2011 ]. In addition, through the MiECC system, a reduction in the priming volume is possible, due to the use of shorter lengths of tubing. The priming volume was reduced from 1290 mL in the openECC and closeECC to 600 mL in the MiECC group. Shorter tubing reduces the surface area for blood to interact with, which could also reduce the inflammatory response. The heparinization of patients compared to CPB can also be reduced. QuadroX-i system (Maquet, Hirrlingen, Germany) membrane oxygenators were used in all three subgroups. The tubes were coated with an adult Softline coating (Maquet, Hirrlingen, Germany) in closeECC and openECC groups, and adult Bioline coating (Maquet, Hirrlingen, Germany) in the MiECC group. The activated clotting time (ACT) could be reduced from >450sec in the two open/closeECC groups compared to 350-400sec in the MiECC group (table 2) .
In the closeECC group, only a cell-saver sucker was used, with a flexible venous reservoir to avoid debris and blood-air interaction. Priming volume and heparinization were equal to openECC. During CPB, non-pulsatile flow was maintained at 2.6-3 L/min/m 2 , and mean arterial blood pressure was maintained at 50-70 mmHg by the addition of norepinephrine (Arterenol®, Sanofi-Aventis GmbH, Hoechst, Germany). Extracorporeal circulation was performed under mild hypothermia (32°C). On completion of surgery, the patients were warmed and weaned from CPB. To reverse the anticoagulant effects of heparin, protamine sulfate (Protaminsulfat, Novo Nordisk Pharma GmbH, Vienna, Austria) was administered, guided by the activated clotting time.
Statistical Analyses
Continuous variables were expressed as means with standard deviation. Categorical variables were expressed as frequencies. The median was calculated, in addition to the arithmetic mean value and standard deviation. All data were tested for normality. Calculations were performed with the Anova-, Scheffe-, and Kruskal Wallis tests. The criteria for rejection tasiadis 2016] . Simple randomization (ratio 1:1:1) and statistics were calculated with SPSS 22.0 (IBM, Armonk, USA). Conduction of the trial was approved by the Ethics Committee of the Johann Wolfgang Goethe University, Frankfurt am Main, Germany (E23/11). Patients were informed about the contents of the study and gave their consent to participate with their signature. The study was registered in a public trail register (NCT01306903) (Figure 1) .
RESULTS
Inflammation
All three subgroups contained similar demographic patient data, as shown in Table 1 . Other than the results for IL10 and PMN elastase, there was no significant difference between inflammation markers from T1-T5. IL10 showed a significant preoperative difference, which remained in the first 60 minutes of extracorporeal circulation but disappeared in further measurements. PMN elastase showed a significant difference 60 minutes after extracorporeal circulation, but no statistical difference remained after four to six hours. The observed inflammatory response difference between the groups disappeared in the postoperative period. Four to six hours after ECC initiation there remained no significant difference between minimal invasive and open or closed extracorporeal circulation in inflammatory response. Beside PMN elastase and IL6, the remaining measured proinflammatory cytokines showed no significant difference. Procalcitonine, interleucin 6 and Tumor Necrosis Factor Alpha were similar in endpoints T1-T5 in all three groups. Intraoperatively, a slight reduction of operation time in the closeECC Group (MIECC 261 ± 79min; openECC 264 ± 75min; closeECC 231±68min) as well as reduced perfusion time (MIECC 115 ± 49min; openECC 107 ± 37min; closeECC 99 ± 22min) with P > .05 could be seen. (Table 3) . Clinical signs of a systemic inflammatory syndrome could not be observed.
Coagulation/Hemolysis
Platelet function was not influenced by the different ECC systems. Multiplate analysis four to six hours postoperative (T3) were not significantly different. The activated partial thromboplastin time (aPTT) in this analysis period (T3) was the only parameter with a P value < .05 with lower results in the MiECC group. Effects by different pump types in the groups could also not observed. The free hemoglobin was similar at T3 for all ECC groups. (Table 3 )
Ischemic Parameter
Liver (ALT;AST, bilirubin, LDH, γ-GT), kidney (creatinine), and cardiac (Trop.T, CK, CKMB) surrogate markers could not show that one of the ECC systems was beneficial for the patients outcome. From the preoperative (T1) to the 48h postoperative (T5) period, an increase in all parameters could be observed, but without any significant differences in the ECC groups. The only exceptions is LDH at T3, with higher values in the openECC group (225U/L) compared to MiECC (166U/l).
Clinical Outcome
Within the 30 days of postoperative observation, one patient in the MiECC group died on fourth postoperative day because of multiorgan failure, in the closeECC and openECC group, all patients were alive. Mean ICU stay was 2 ± 1 days, mean hospital stay was 12 ± 6 days, with no significant difference between the three subgroups. There was no myocardial infarction or case of sepsis in any subgroup. There were two low cardiac output syndromes in the MiECC group; atrial fibrillation occurred in all three groups without significant differences but with a lower trend in the MiECC group. Two patients in the MiECC group and one patient in the closeECC group had to undergo renal replacement therapy. (Table 4) 
DISCUSSION
In a prospective, randomized, multi-center study with 500 patients, El-Essawi et al showed a benefit in clinical outcome in the minimized extracorporeal circulation group, with a lower inflammation response [El-Essawi 2011] . In 2005, Abdel Rahman et al investigated a CorX system (CardioVention Inc., Santa Clara, CA, USA) [Abdel-Rahman 2005] . It was designed as a closed circuit without an additional suction line and venous reservoir, with less heparin coating and a different de-airing management compared to MiECC. In 204 patients, they observed a lower inflammatory response in Extracorporeal circulation allows a safe and often complete revascularization in coronary artery bypass surgery. If we exclude patients who can potentially be revascularized without extracorporeal circulation, the optimal perfusion strategy for the remaining patients is a controversial discussion even if there are groups reporting of advantages of MiECC versus OPCAB revascularization [Formica 2013 ]. Reviews and meta-analysis of the simplification of the conventional ECC system to MiECC describe an advantage of MiECC in the form of a reduced priming volume, reduced blood transfusion requirements, and reduction activation of inflammatory parameters and need for blood transfusion [Anastasiadis 2016; Fromes 2002] . In addition to these effects, MiECC allows an elimination of blood-air contact, which appears to have a positive effect on postoperative clinical outcome [Koch 2006a; Koch 2006b ]. We investigated the inflammatory response in 72 patients, with three different extracorporeal circulation settings. In addition to the openECC and MiECC groups, we had a closeECC group, which had settings similar to openECC but with a reduced blood-air interaction due to the elimination of CS.
Although preoperative patient data was similar, no persistent significant reduction of inflammation data in the MiECC group was observed. The inflammatory markers were very well elevated in the first 60 minutes to three hours of extracorporeal circulation in the ECC Group, but in the remaining operation time, the three groups approximated to each other: the initial significant advantage disappeared after three hours. The clinical outcome with immediate postoperative events and the 30 days survival showed no benefits in the MiECC group. It is evident that the investigated patient collective with 72 patients in total is quite small, but the postoperative data is still surprising, considering that studies with a lower patient collective showed an advantage of using MiECC [Farneti 2008; Van Boven 2005] .
However, some other groups could not show a general benefit of MiECC either. Beghi et al investigated 60 patients in a prospective study to show a lower hemolysis, interleukin-6 cytokine, and plasma C-reactive protein release in the MiECC group compared to conventional ECC, but could not demonstrate a clearly significant superiority of the MiECC system [Beghi 2006 ]. Mazzei et al showed a similar release of inflammatory markers for MiECC and off-pump at all endpoint times [Mazzei 2007 ]. Formica et al investigated 61 patients and showed similar clinical outcomes on MiECC, ECC, and OPCAB groups with similar inflammatory response except in TNF alpha, which was raised in the ECC group [Formica 2013] .
A partially reduced inflammatory response could be shown in the MiECC group in the early postoperative period. Four to six hours postoperatively, however, there were no significant differences in inflammatory parameters. The advantage of an early postoperatively reduced inflammatory response may not be apparent in a collective of 72 patients. To discuss if other inflammatory parameters would lead to a more significant a statement, we focused on the most commonly used in literature.
A benefit of the elimination of CS in the closeECC group compared to the MiECC and openECC groups cannot demonstrated. However this advantage is widely accepted in literature, and could be obscured through an underpowered patient collective in this series. Additionally, the advantages of minimal invasive circuits may be obscured once these systems are not used as a daily routine. Finally, we compared MiECC group to low prime volume openECC systems with 1250ml priming volume. While the CABG surgery patient collective becomes older and morbidity is rising, we should take every possibility to reduce side effects. Further investigations with a larger patient collective will be necessary to find the right answers for optimal perfusion strategy during aortocoronary revascularization. The evidence for hard endpoints (mortality) is still under discussion for MiECC systems [Anastasiadis 2016 ].
